The t(1,11) chromosome translocation co-segregates with major psychiatric disorders in a large Scottish family. The translocation disrupts the DISC1and Boymaw (DISC1FP1) genes on chromosomes 1 and 11, respectively. After translocation, two fusion genes are generated. Our recent studies found that the DISC1-Boymaw fusion protein is localized in mitochondria and inhibits oxidoreductase activity, rRNA expression, and protein translation. Mice carrying the DISC1-Boymaw fusion genes display intermediate behavioral phenotypes related to major psychiatric disorders. Here, we report that the Boymaw gene encodes a small protein predominantly localized in mitochondria. The Boymaw protein inhibits oxidoreductase activity, rRNA expression, and protein translation in the same way as the DISC1-Boymaw fusion protein. Interestingly, Boymaw expression is up-regulated by different stressors at RNA and/or protein translational levels. In addition, we found that Boymaw RNA expression is significantly increased in the postmortem brains of patients with major psychiatric disorders. Our studies therefore suggest that the Boymaw gene is a potential susceptibility gene for major psychiatric disorders in both the Scottish t(1,11) family and the general population of patients.
Introduction
Major psychiatric disorders are severe brain disorders which cause a heavy burden to both society and family. Due to the absence of biological hallmarks, it is difficult to investigate the underlying molecular mechanisms and to diagnose and treat these disorders in clinics. Classical genetic studies, however, identified a high penetrance genetic mutation from a large Scottish family in which the t (1, 11) chromosome translocation co-segregates with major psychiatric disorders across five generations [1, 2] .
There has been extensive interest in studying this family for various reasons. First, identification of a high penetrance susceptibility gene from the family may provide key insights into our understanding of the underlying molecular mechanisms of psychiatric disorders. Second, such a susceptibility gene may also contribute to the development of psychiatric disorders in the general population. Over the last decade, disruption of the DISC1 gene by the chromosome translocation has been the focus of the studies on the Scottish family [3] . However, our previous studies found that the translocation disrupts not only the DISC1 gene, but also the Boymaw (DISC1FP1) gene, and consequently results in the formation of the DISC1-Boymaw and Boymaw-DISC1 fusion genes [4] [5] [6] . Recently, we found that the DISC1-Boymaw fusion protein reduces oxidoreductase activities, rRNA expression, and protein translation in both in vitro cells and in mice carrying DISC1-Boymaw fusion genes (manuscript submitted). Surprisingly, fusion of the Boymaw gene to a randomly selected gene generates the same cellular phenotypes as the DISC1-Boymaw fusion gene, suggesting that the Boymaw gene is likely responsible for the inhibition of oxidoreductase activity and of protein translation. These findings prompted us to investigate the roles of the Boymaw gene.
In the present study, we report that the Boymaw gene encodes a small protein predominantly localized in mitochondria. We examined the functions of the Boymaw gene and its expression in response to stress.
To explore whether Boymaw could be a potential susceptibility gene for major psychiatric disorders, we quantified Boymaw RNA expression in the postmortem brains of patients with schizophrenia, bipolar disorder, and major depression from the general population.
Methods and Materials

DNA constructs
All Boymaw expression DNA constructs are driven by a CMV promoter and terminated with an SV40 poly(A) signal in a pTimer-1 plasmid vector (Clontech) containing a fluorescence timer (FT) gene. The Boymaw-HA plasmid was constructed by a fusion of an HA tag at the C-terminus of the full-length Boymaw ORF3. The Boymaw-HA-mut plasmid was generated by a mutation of the ATG start codon of uORF2 in the Boymaw-HA plasmid. The Boymaw-HA-ACG plasmid was created by a mutation of the ATG start codon of ORF3 in the Boymaw-HA plasmid. An HA epitope and fused FT was inserted 10 amino acids downstream of the ATG start codon of the Boymaw ORF3 to replace the rest of the Boymaw ORF3 in the Boymaw-HA-FT. Boymaw-HA-FT-mut construct was generated by a mutation of the ATG start codon of uORF2. All DNA constructs were completely sequenced.
In vitro cell culture
HEK293T (ATCC, CRL-11268) and COS-7 cells (ATCC, CRL-1651) were cultured in DMEM or DMEM/F12 medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin (Life Technologies, CA) at 37°C in a humidified atmosphere containing 5% CO 2 . HEK293T and COS-7 cell transfections were performed using Mirus TransIT® reagent (Mirus, WI), according to manufacturer's instructions.
with 114 Da and 115 Da, mass tags respectively. Protein identification and quantification were performed using the Paragon™ Algorithm in ProteinPilot™ Software. Putative Boymaw ORF3 protein sequence was included into the database for searching.
MTT reduction assays
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide reduction assays were conducted as described [7] with slight modifications. In brief, HEK293T cells were seeded at cell density of 1 × 10 5 cells per well in 24-well plates, 24 h prior to transfection. Cell proliferation was measured by counting cell numbers with 0.04% Trypan blue 48 h after transfection. MTT was added to the cell lysate at the final concentration of 0.5 mg/ml, and the reaction was incubated at 37 ˚C for 1 h. MTT crystals were collected and dissolved in DMSO. Absorbance at 540 nm was measured with SpectraMax M5 Multi-Mode Microplate Readers (Molecular Devices, PA).
Western blot and Immunocytochemical analyses
Western blot analyses were conducted as described [8] . In brief, total proteins were extracted from HEK293T cells in Passive Lysis Buffer (Promega, WI) containing 0.2% Sarkosyl and 1X protease inhibitor cocktail (Sigma, MO) at room temperature for 15 min on a shaker. Protein concentration was measured with Bradford (Abs 595nm) method using Coomassie Plus Protein Assay (Thermo Scientific, IL). After electrophoresis, proteins were transferred onto PVDF membranes. Rat monoclonal anti-HA antibody (1:500) conjugated with peroxidase (3F10) (Roche, CA) was used to directly detect HA epitopes.
The same membrane was stripped and re-probed with mouse monoclonal anti-β-actin (1:5,000), sc-47778 (Santa Cruz Biotechnology, CA). After washing, the membranes were further incubated with horseradish peroxidase-conjugated anti-mouse IgG (1:5,000, Cell signaling, MA) for 1.5 h at room temperature. 
SUnSET
The SUnSET experiments were conducted as described [9] . In brief, HEK293 cells seeded at cell density of 1 × 10 5 cells per well in 24-well plates, 24 h prior to transfection. After transfection with the Boymaw-HA, Boymaw-HA-ACG, and Boymaw-HA-mut plasmids, cells were pulse-labeled with puromycin at the concentration of 10 ug/ml for 10 min. Total proteins were extracted and loaded on PAGE gels (10ug per lane) for Western blot analysis. Anti-puromycin antibody (1:10,000)(12D10, Millipore) was used to detect incorporation of puromycin in newly synthesized proteins. Blots were stripped later and re-probed with ant-β-actin antibody. Image J was used to quantify the incorporation of puromycin.
Starvation
HEK293T cells were seeded in 12-well plates 20 h prior to transfection. GCAGCCAGCTCTTAGCAGTT; DISC1-R: CTCCATTCTCAGTGGGGTGT.
RNA from postmortem human brains
We received 57 BA7 cortical RNA samples out of 60 brains from Stanley Medical Research Institute (SMRI), consisting of 15 each diagnosed with schizophrenia, bipolar disorder, or major depression, and 15 unaffected controls. The four groups were matched by age, sex, race, postmortem interval, pH, hemisphere, and mRNA quality (http://www.stanleyresearch.org/dnn/Default.aspx?tabid=196).
Statistical analysis
All data were first tested for normal distribution using the Kolmogorov−Smirnov test. ANOVA was used for statistical analysis of all data from cell culture studies. For statistical analyses of the Boymaw RNA expression in postmortem human brains, ANOVA with diagnostic code as a between-subjects factor was performed. Post hoc analyses were carried out using Newman-Keuls or Tukey's test. Alpha level was set to 0.05. All statistical analyses were carried out using BMDP statistical software (Statistical Solutions Inc., Saugus, MA).
Results
The Boymaw gene is evolutionarily conserved in exon-intron splicing junctions (GT-AG) in primates (Supplemental Figure 1a) . Exons 3 to 6 of the human Boymaw gene contain the largest Open Reading . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/005728 doi: bioRxiv preprint first posted online May. 31, 2014; Frame 3 (ORF3) with the potential to encode 63 amino acid residues (red). In the Scottish family, the translocation breakpoint is localized in intron 3. After translocation, 59 out of 63 amino acid residues of the ORF3 are in-frame fused at the C-terminus of the truncated DISC1 to form the DISC1-Boymaw fusion gene [4] . 
was added to inhibit protein degradation [12] . As expected, expression of the full-length Boymaw-HA proteins was detected in cells transfected with the Boymaw-HA construct at 40 h post-transfection in the presence of LLnL (Figure 1e ). In addition to rapid protein degradation, the small size (7 kD) of the full- Figure 2a) . These data suggested that Boymaw ORF3 encodes a small labile protein predominantly localized in mitochondria. This is consistent with our findings (manuscript submitted) and others [6] on the mitochondrial localization of the DISC1-Boymaw fusion protein.
Boymaw ORF3 Protein Inhibits Protein Translation
Our previous studies demonstrated that the DISC1-Boymaw fusion protein inhibits oxidoreductase activities, rRNA expression, and protein translation (manuscript submitted). We are interested in knowing whether expression of the Boymaw ORF3 protein will generate the same cellular phenotypes as the DISC1-Boymaw fusion protein. To generate a negative control for the studies, we mutated the ORF3 ATG start codon to ACG in the Boymaw-HA-ACG construct to abolish the translation of the ORF3 (Figure 3a) . In the Boymaw-HA-mut construct, the uORF2 ATG start codon was mutated to ACG to abolish its inhibition to the downstream ORF3 translation. The Boymaw-HA-ACG and Boymaw-HAmut constructs differ from the Boymaw-HA in only a single nucleotide. We first compared MTT reduction in cells expressing these genes. As expected, there was no difference in MTT reduction (Figure 3d, 3e) . As expected, protein translation was reduced significantly more in cells transfected with the Boymaw-HA-mut construct than the Boymaw-HA construct, presumably due to increased translation of the ORF3 by the uORF2 mutation.
Induction of Boymaw Expression by Stress
Upstream ORFs (uORF) have been demonstrated to regulate protein translation of major downstream ORFs in response to a variety of stressors such as amino acids starvation and oxidative stress [10] .
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The effects of hypoxia on the Boymaw ORF3 translation were investigated in cells transfected with either the Boymaw-HA-FT or the Boymaw-HA-FT-mut construct. Hypoxia had little effect on the induction of the Boymaw ORF3 translation (Supplemental Figure 3b) . However, the addition of CoCl 2 significantly increased RNA expression of hypoxia-inducible factor-1α and endogenous Boymaw ORF3 RNA (Figure   4d and 4e). The significant increase of the Boymaw ORF3 RNA was observed at all different time points except 8 h after addition of CoCl 2 . It is possible that different regulatory mechanisms may be involved in its induction at different times. The exact reason for the induction of two peaks remains to be investigated.
Boymaw Overexpression in Major Psychiatric Disorders
Expression of the full-length Boymaw ORF3 protein inhibits oxidoreductase activity, rRNA expression, and protein translation. Given that ORF3 protein expression can be induced by stress, we were interested in examining whether expression of the Boymaw ORF3 RNA is increased in the postmortem brains of patients with major psychiatric disorders. The Boymaw ORF3 RNA isoform was quantified, using the same set of the primers described in Figure 4b genes that displayed the same PCR amplification efficiency according to amplification of the same molecular concentration of their diluted plasmid templates (Supplemental Figure 4) . Human cortex BA7 RNA was pooled from three healthy controls and relative abundance of the Boymaw ORF3, DISC1, and β-actin RNAs was quantified. Our quantification found that DISC1 mRNA is about 40 fold more abundant than the Boymaw ORF3 RNA (Figure 5e ).
Discussion
The Boymaw gene disrupted in the Scottish family has been considered a potential noncoding RNA gene [4] [5] [6] . In the present studies, however, we provide evidence to support that the evolutionarily conserved What could be the potential physiological role of the Boymaw ORF3 protein? Under starvation, we found that Boymaw uORF2 is necessary to up-regulate the translation of the downstream ORF3. The exactly same regulatory function by the Boymaw uORF2 was also found in the uORFs of PKCη, a gene involved in cell survival [10] . Under starvation, inhibitory uORFs are required to increase downstream
into mitochondria to inhibit oxidoreductase activities to decrease cellular metabolism for cell survival.
Starvation also increases expression of the Boymaw ORF3 at the RNA level. However, not all stresses regulate the Boymaw ORF3 expression at both RNA and protein translational levels. Hypoxia significantly increases expression of the Boymaw ORF3 at the RNA level, but has little effect on the translation of the Boymaw ORF3. We speculate that increase of the Boymaw ORF3 protein expression, similar to PKCη protein, could be a part of adaptive responses to stress to promote cell survival ( Figure 6 ).
Since persistent over-expression of the Boymaw ORF3 protein may be harmful, rapid degradation of the Boymaw ORF3 protein may be evolved to provide a dynamic regulation of cellular activity and protein translation in respond to changing environments.
Our studies were conducted in HEK293T cells which share 90% of expressed genes with human brain [17, 18] Stress plays an important role in development of psychiatric disorders. Prenatal starvation was reported to significantly increase the risk of developing schizophrenia and other psychiatric disorders [19, 20] .
Hypoxia was also reported as a risk factor for the development of psychiatric disorders [21] .
Environmental stress could partly function through the Boymaw ORF3 pathway to impact brain development and functions via alteration of oxidoreductase activities and protein translation. We found that expression of the Boymaw ORF3 RNA is significantly increased in the postmortem brains of the general population of patients with schizophrenia. However, not all schizophrenia samples display increased expression of the Boymaw ORF3 RNA. There are several possible explanations for this finding. lines of evidence support this hypothesis. First, we found that endogenous DISC1 mRNA is about 40 fold more abundant than the Boymaw ORF3 RNA in healthy human brain. In the Scottish family, the DISC1-Boymaw fusion RNA, driven by the endogenous DISC1 gene promoter, will be likely more abundant than the endogenous Boymaw ORF3 RNA, even though the DISC1-Boymaw fusion transcript is 2 to 3 fold less than wildtype DISC1 mRNA [6] . Second, the DISC1-Boymaw fusion RNA contains a single ORF optimal for efficient protein translation while the endogenous Boymaw ORF3 translation is inhibited by its overlapping uORF2. The translocation, however, abolished both inhibitory mechanisms of the Boymaw ORF3 expression at RNA and protein translational levels by the formation the DISC1-Boymaw fusion gene. Therefore, we propose that over-expression of the Boymaw ORF3 protein, through different pathways, could be a potential common mechanism between the Scottish family and the general population of patients to inhibit protein translation and thereby contribute to the pathogenesis of major psychiatric disorders. 
